Abstract: This paper proposes a novel configuration that combines wind turbines, an electrolyzer, and a gas turbine with the corresponding generator. A control strategy for this configuration is also proposed. The purpose of this configuration and its control strategy is to make the wind farm work like a conventional power plant from a grid's point of view. The final proposed configuration works properly with the proposed control strategy, the three times per revolution (3p) oscillation frequency is removed and the output power fluctuations caused by wind fluctuation are compensated. The final power output of the proposed configuration is constant like that of a conventional power plant, and it can change according to the different requirements of the transmission system operator.
Introduction
With the development of the world economy, demands for energy continue to rise, but fossil energy resources are decreasing. This conflict between energy demand and resource availability has led people to seek possible solutions and wind power generation plays an important role in solving the problem. Despite having been introduced a long time ago, wind power generation still has a lot of drawbacks. One of these drawbacks consists in the uncertainty of the power production caused by the fluctuation of the wind. The implementation of energy storage systems for wind farms has solved this problem to some degree. In [1] , research on a flywheel energy storage system for a wind farm was reported. Reference [2] described work on a battery-based energy storage system. Some wind farms use compressed air energy storage (CAES) as energy storage system. The CAES compresses air using the excess power production and releases the energy when necessary. The CAES process is analyzed in [3] . Reference [4] studied the dynamic performance of a CAES plant. When a wind farm is combined with an energy storage system, how to make the storage system cooperate effectively with the wind farm becomes a very important task. Control strategies to make the energy storage system and wind farm operate in a coordinated way are proposed in [5, 6] . The appropriate size of the energy storage system for a wind farm is discussed in [7] [8] [9] .
Wind power generation is not stable due to the fluctuation of the wind speed. The wind shear effect and tower shadow effect also contribute to the oscillation of power production by wind turbines [10] . The power production fluctuation could further cause voltage fluctuations at the point of common connection (PCC) [11] , and one of the possible ways to mitigate voltage fluctuations is proposed in [12] .
Hydrogen storage systems have recently drawn considerable attention and show a bright future due to their low emissions [13] . Nowadays the most widely used method applied in industry to produce hydrogen is to electrolyze water. The chemical products of the water electrolysis process are hydrogen and oxygen. Among the different kinds of electrolyzers, the proton exchange membrane (PEM) electrolyzer is seen as the best choice for industry because of its high efficiency and no use of heavy metal ions [14] . A study that combines a photovoltaic system with a PEM electrolyzer was reported in [14] . Usually, the PEM electrolyzer model is simplified to Faraday's law of electrolysis when the research is in the electrical area. Reference [14] proposed a detailed PEM electrolyzer model. A PEM model that can be used for electrical analysis is also proposed in [15] . Reference [16] proposed a combination of a wind farm and a hydrogen generation system interconnected with a high-voltage DC system. A combination of wind farm, electrolyzer and fuel cell is presented in [17] .
Gas turbines have been used for a long time to generate electricity. A gas turbine generation system can respond very fast compared with a conventional power plant, thus, gas turbine driven generators are usually used for peak demand regulation in power systems. Reference [18] reported research on testing gas turbines. Reference [19] proposed a twin-shaft gas turbine model. Reference [20] proposed a technical assessment of a compressed air energy storage system, which combined wind farms with a gas turbine. Most gas turbines applied in industry nowadays use oil as fuel, but some gas turbines can use gas as fuel [21] . Hydrogen gas turbines are drawing more and more attention recently due to their high heat value and the low emissions of hydrogen, and some hydrogen gas turbine prototypes have been developed. However, with the configurations developed until now, wind farms still cannot work like a conventional power plant. First of all, the output power of the wind farm fluctuates due to the fluctuation of the wind. Secondly, for an induction generator, during the start-up process, a certain current is required for excitation, thus, black starting may not be possible for some wind farms.
This paper proposes a configuration that combines a wind farm with a PEM electrolyzer and a hydrogen gas turbine. A control strategy to coordinate the wind farm, PEM electrolyzer and the gas turbine is also proposed in this paper, so that from the point of view of the grid, the combined system proposed by this paper could function like a conventional power plant.
The objective for this paper is to develop the new configuration and its control strategy mentioned above, so that a wind farm can work like a conventional power plant from the grid's point of view. This paper is arranged as follows: in Section 2, the proposed configuration is described and the modeling is presented. Based on the model, Section 3 proposes a control strategy and coordination method. Section 4 discusses the behavior of the configuration and the control strategy under two different conditions. Finally, the conclusion and the future work are presented in Section 5.
Proposed Configuration and Modeling

Description of he Proposed Configuration
The system applied in this paper is shown in Figure 1 . The system is made up of a wind farm, an electrolyzer and corresponding tanks, a gas turbine and corresponding generator and a transformer.
The wind turbines are connected to the Bus 1 and then connected directly to the grid through a transformer. The wind farm is responsible for capturing the wind power and converting it into electrical energy. The output power of the wind farm fluctuates due to the wind speed variation, wind shear and tower shadow effects. The electrolyzer is also connected to the Bus 1 through a rectifier. A band pass (BP) filter is designed to pick out the 3p oscillating power signal that caused by wind shear and tower shadow effect, and then send it to the rectifier as a power reference. The rectifier converts the oscillating AC power into DC power. In this way, according to the law of conservation of energy, once the oscillating component is picked out, the output power that is sent into grid directly from wind farm is smoothed. The PEM electrolyzer converts the oscillating power into hydrogen and oxygen, and stores them in the tanks for later use. The fluctuation of the output power caused by the fluctuation of the wind is then compensated by the gas turbine driven generator or by the PEM electrolyzer according to the needs of the transmission system operator (TSO). It should be mentioned that the hydrogen tank is connected to a gas network, and the oxygen tank could be directly connected to an industrial oxygen product chain, so the wind farm could also supply certain gases to a gas supply network when the wind energy production exceeds the requirements of the system. This process could be Sabatier reaction, which is not a concern of this paper, thus, the detailed model of this reaction and related devices are not included in this work.
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Modeling of the Wind Farm
The wind farm model in this paper consists of a wind source model and a wind turbine model. The performance of the wind farm is highly dependent on the features of the available wind. This is because the inertia of the wind turbine is relatively small compared with conventional turbines, so the performance of the wind turbine is highly dependent on the wind variation, especially when the dynamic performance is the main concern of the study. Thus, a precise wind model is necessary for the objectives of this paper. The simulation of wind stream modeling is very slow, and unnecessarily complicated for the main purpose of this paper, thus, a wind model is built with its energy and fluctuations characteristics.
The wind model is built according to 3p torque oscillations due to wind shear and tower shadow, as described in [10] . The wind feeding into the wind turbine model has three components: changing wind speed at hub height (v eq0 ), the wind speed component influenced by tower shadow (v eqts ), and the wind speed component influenced by wind shear component (v eqws ). All three of these components together form the wind speed model, which is described by Equations (1) to (5):
Energies 2016, 9, 535 4 of 16 in which v H is the wind speed at hub height (m/s), α is the empirical wind shear exponent, H is the elevation of rotor hub (m), β is the azimuthal angle of any blade of the wind turbine (degrees), β b is the azimuthal angle of individual blades of the wind turbine (degrees), a is the tower radius (m), R is the distance from the blade tip to the hub center and x is the distance from the blade origin to the tower midline (m).
Besides the wind speed model, the wind farm modeling also consists of the wind turbine model, the mechanical model, drive train model, generator model, PWM voltage source converters, transformer, control system and supervisory system. The wind turbine model in this paper is built in consideration of energy transfer. Because the energy generated by a wind turbine depends on the wind speed, the wind turbine model should have the ability to represent the relation between wind speed and the energy generated by the wind turbine. To simplify the model, the wind turbine structures which have no contribution to the energy transfer concern, such as tower, shield, and heat dissipation structure, are neglected. The detailed pulse width modulation (PWM) converter in this wind turbine is also neglected because the PWM model needs a very small simulation step, which need a very long time to perform the simulation. An average model based on the law of energy conservation is built to replace the detailed PWM model. The inertia of the wind turbine should also be taken into consideration when the dynamic performance is the main concern of this paper. The inertia of the wind turbine is influenced by the rotational speed of the wind turbine, which is shown by Equation (6):
in which T m is the mechanical torque supplied by turbine, T e is the electromagnetic torque of the generator, J is the inertia of the turbine and the inertia of generator and ω w is the rotational speed of the wind turbine. The energy captured by the wind turbine can be expressed as:
where P is the power captured by the wind turbine, ρ is the density of the air, A is the area swept by the blades, v is the wind speed, and C p is the efficiency of the power coefficient. The power production of the wind turbine model can be calculated by Equation (7) if the energy losses are neglected. The conversion of wind energy into mechanical energy, which involves the aerodynamic action of the blade, is modeled as a black box since the main concern of this paper is the overall power conversion. The details of the wind turbine model can be found in [22] [23] [24] , and are not presented here in consideration of the length of the paper.
The control system of the wind turbine is built based on the maximum power point tracking (MPPT) control method. For variable-speed wind turbines with back-to-back converter, the electromagnetic torque of the generator could be controlled, so that the wind turbine has the ability to track the optimal tip speed ratio which can maximize the power coefficient C p . This means the energy conversion is maximized. All the wind turbine models in this paper are applied with the MPPT control method.
Modeling of Electrolyzer
Usually, when an electrolyzer is involved in electrical studies, the model of electrolyzer is represented by Faraday's law of electrolysis, which is expressed by Equation (8):
Energies 2016, 9, 535 5 of 16 in which M is the mass of the production, K is electrochemical equivalent, t is the time used during the process and Q is the quantity of electricity. The PEM electrolyzer in this paper is built in a detailed way to describe its dynamic characteristics, because the energy transfer is of special concern. The electrolyzer proposed in [14, 25, 26] is applied in this paper. The models include a positive pole model, negative pole model, proton exchange membrane, voltage model and storage model. Some parameters of the electrolyzer cells are from reference [27] .
The negative pole model calculates the production of hydrogen according to the current through the electrolyzer. The corresponding half-reaction equation is:
The dynamic equation of the negative pole is: (10) in which N H 2 is the quantity of hydrogen, F H 2cl is the hydrogen input mole velocity at the negative pole, which is zero due to the absence of hydrogen input, F H 2co is the hydrogen output mole velocity at the negative pole, H 2g is the hydrogen production in mole velocity, N H 2 O c is the quantity of water at the negative pole, F H 2 O ci is the input mole velocity of water at the negative pole, F H 2 O co is the output mole velocity of water at the negative pole, F H 2 Oeod is the electro-endosmosis velocity of water, and F H 2 Od is the diffusion velocity of water. According to the Faraday's laws of electrolysis, the production of hydrogen is:
where n is the number of electrolyzer capsules that are connected in series, I is the current flow through the series electrolyzer, F is Faraday's constant and η is the efficiency of the electrolyzer, which is usually greater than 99%. Then the pressure of hydrogen, steam, and total pressure of the negative pole are calculated to describe the flow at the negative pole. The mole velocity of hydrogen is calculated as an output from the negative pole to the hydrogen tank. The water vapor pressure which further influences the water flow and the membrane exchange is also calculated. Due to length limitations of this paper, the corresponding detailed equation and model will not be presented here. The model of positive pole is similar to that of the negative pole, and will not be presented here for sake of brevity.
The proton exchange membrane model is mainly used to study the water transmission phenomenon. The water transmission caused by the electro-endosmosis phenomenon can be described as:
in which M H 2 O is the molar mass of water, A is the area of the electrolytic cell, n d is the electric traction coefficient and λ a and λ c are the water contents for the positive pole and negative pole. They can be calculated as:
in which:
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where P is the pressure of vapour, and P 0 is the pressure of standard pure vapour which is calculated by the following Goff-Grattch Equation (15) .49149p
T st T´1 q´1 q`log 10 1013.25
The water transmission caused by diffusion could be described by Fick's law of diffusion, which is shown as Equation (16):
In Equation (16), t m is the thickness of the membrane, D w could be calculated by the Equations (17) and (18) . C wc and C wa are the water concentrations on the membrane surface.
The voltage applied on the PEM electrolyzer module consists of three parts: the open circuit voltage, the activation polarization voltage and the ohm polarization voltage [14] . The detailed equations will not be presented here due to the length limitations of this paper.
The relation between the current and the total voltage is not linear. The current for the PEM electrolyzer is defined according to the power that needs to be consumed by the PEM electrolyzer. The current voltage relation for the PEM electrolyzer is not linear, so its product, which is the power, will be very complicated to define by equations in Simulink, so in consideration of simulation efficiency, the current for the PEM electrolyzer is determined by a predefined table. This is achieved by running the PEM electrolyzer with different currents, and then getting the voltage and the power of the PEM electrolyzer to form a table, then pegging the current using the power as a reference.
Modeling of the Gas Turbine and the Corresponding Generator
The gas turbine uses hydrogen from the tank as fuel. The hydrogen is burnt in the gas turbine chamber to produce heat, and further to produce torque. From the point of view of energy conversion, the gas turbine and its corresponding generator convert chemical energy into electrical energy. Therefore, the amount of hydrogen required depends on the power that needs to be compensated. i.e., the output electric power reference is converted into a quantity of hydrogen requirement then fed into the gas turbine. This process takes energy losses during the power conversion into consideration.
The gas turbine is used to compensate the insufficient output power of the wind farm, so the gas turbine responses should take inertia into consideration because the dynamic performance is the main concern of this paper. When the gas turbine is combined with the generator, the drive train model needs to be taken into consideration due to the influence the model has on the inertia, while other structures like the shield, blade and heat dispassion system of the gas turbine are neglected.
The gas turbine takes the hydrogen from the tank and transforms the chemical energy into torque. This process could be expressed by the following equation:
in which T t is the torque produced by gas turbine, n is the quantity of hydrogen (in moles), ∆H is the heat value of hydrogen and ω is the rotation speed of the gas turbine The torque obtained by the gas turbine is used to drive a generator through a train model. The drive train model, takes the inertia of both the generator and gas turbine into consideration due to the fact their inertia are considerable. The connecting shaft is modeled as a spring and a damper [28] . The equations that describe the model is shown as the following equation:
dθ dt " ω t´ωg (22) in which T t is the torque of the gas turbine, T e is the electrical torque of the generator, J t is the inertia of the gas turbine (kg¨m 2 ), J g is the inertia of the generator (kg¨m 2 ), K s is stiffness coefficient of the shaft (kg¨m 2¨s´2 ), D s is damping coefficient of the shaft (kg¨m 2¨s´1 ), ω t is the angular speed of the gas turbine (rad/s), ω g is the angular speed of the generator (rad/s) and θ is the angular displacement between the two ends of the shaft (rad). The Matlab/Simulink software library provides the generator model. The generator model with detailed description of nominal power, line-to-line voltage, inertia, frequency, internal impedance and pole pairs is applied according to [19, 20] . The capacity of the gas turbine driven generator is decided according to [7] [8] [9] and the concern of the simulation performance. The switches and protection of the generator are neglected due to the fact the main concern of this paper is the energy conversion.
Proposed Coordination Control Method
Control Method for the Whole System
The control strategy in this paper is to coordinate the wind farm, PEM electrolyzer and the gas turbine driven generator, so that the output characteristics of the whole system are constant like those of a conventional power plant and can follow the order given by TSO.
The output power of the wind farm has 3p oscillation frequency. The output power drop caused by the 3p oscillation frequency is not concerned with the power compensation, thus, to compare the wind farm output power with the TSO order, the 3p oscillation of the wind farm output should be eliminated first. The 3p oscillation component in this output power is picked out and sent to the PEM electrolyzer by a rectifier. This is realized by sending the output power signal into the BP filter, where the 3p fluctuating component is picked out and sent into the rectifier connected to the PEM electrolyzer as an active power reference, and the rectifier converts the fluctuating power into DC electrical energy for the PEM electrolyzer, so that according to the law of conservation of energy, once the fluctuating component is picked out, the remaining power is mitigated. Then, this mitigated power is measured and used for the further power coordination control. It should be pointed out that the PEM electrolyzer can only consume electrical power, so a DC component is added to the oscillating active power reference signal in order to process the signal below zero, so that the entire fluctuating signal is shifted up to above zero.
The control strategy of the system is shown in Figure 2 . The power generated by the wind farm is measured and sent into the BP filter. The output of the BP filter is the fluctuation component. A DC component is added to this fluctuation component. The fluctuation and the DC component are both extracted from the power generated by the wind farm, and sent into PEM electrolyzer together with the excess power. After the fluctuation is taken out, the remaining power is mitigated. The power after the mitigation is compared with the TSO requirement. Then, according to the logic control, the signal is fed into the PEM electrolyzer as excess power reference, or the gas turbine as the power reference which needs to be compensated. The final power reference that is sent to the PEM electrolyzer is the fluctuation plus the DC component plus the excess power. Same as above the power reference that is sent to the gas turbine as power compensation reference is from the logic control. The electrolyzer transforms the electrical energy into hydrogen and oxygen for storage, and then the gas turbine takes the hydrogen and oxygen according to the requirement to drive a generator. The final energy output of the system is the rest of the wind farm energy output, which is the original wind farm energy output minus the fluctuation component and the DC component, plus the energy compensated by the gas turbine. Energies 2016, 9, 535 8 of 16 Figure 2 . Control strategy diagram.
Coordination Logic Control and Energy Allocation
The diagram of the power coordination logic control is shown in Figure 3 . The system compares the output power of the wind farm with the power order given by the TSO. If the power output of the wind farm is greater than the power required from TSO, the exceeding power will be sent into PEM electrolyzer to be consumed. If the power requirement from the TSO is greater than the power output of the wind farm, the insufficient power is compensated by the gas turbine driven generator. The power requirement is converted into an amount of hydrogen and sent to the gas turbine. The hydrogen consumption of the gas turbine is from the storage tank. It should be noticed here that the output power of the wind farm is after the power smoothing process by the BP filter, so that the fluctuation of the output power of the wind farm is only due to the fluctuation of the wind, the oscillation caused by the wind shear and tower shadow effect is removed. 
The diagram of the power coordination logic control is shown in Figure 3 . The system compares the output power of the wind farm with the power order given by the TSO. If the power output of the wind farm is greater than the power required from TSO, the exceeding power will be sent into PEM electrolyzer to be consumed. If the power requirement from the TSO is greater than the power output of the wind farm, the insufficient power is compensated by the gas turbine driven generator. The power requirement is converted into an amount of hydrogen and sent to the gas turbine. The hydrogen consumption of the gas turbine is from the storage tank. It should be noticed here that the output power of the wind farm is after the power smoothing process by the BP filter, so that the fluctuation of the output power of the wind farm is only due to the fluctuation of the wind, the oscillation caused by the wind shear and tower shadow effect is removed. Figure 4 illustrates the energy flow of the system. The power generated by the wind farm is measured, then the fluctuation is extracted from it. A DC component together with the excess power is also extracted from the power generated by the wind farm and sent to the PEM electrolyzer. The power shortfall is compensated by the gas turbine.
The case of the black starting control strategy is one of the extreme control strategies of the system, which is important and should be addressed. When the whole system is in the black starting process, the gas turbine will generate a certain amount of electricity for the wind farm to start. In this case, the connection between the whole system to the grid is cut off, and all the electricity that is generated by the gas turbine is fed to the wind turbines to start them. The hydrogen for the gas turbines could come from the tank or a gas network, depending on the storage of the hydrogen in the tank. After the turbines are started, the wind farm starts to feed energy into the grid, and then the whole system starts to works under normal conditions with the previously proposed strategy. The case of the black starting control strategy is one of the extreme control strategies of the system, which is important and should be addressed. When the whole system is in the black starting process, the gas turbine will generate a certain amount of electricity for the wind farm to start. In this case, the connection between the whole system to the grid is cut off, and all the electricity that is generated by the gas turbine is fed to the wind turbines to start them. The hydrogen for the gas turbines could come from the tank or a gas network, depending on the storage of the hydrogen in the tank. After the turbines are started, the wind farm starts to feed energy into the grid, and then the whole system starts to works under normal conditions with the previously proposed strategy.
If the switch between the whole system and the grid is disconnected due to a fault, to prevent the acceleration of the turbines, the gas turbine will be stopped and all the wind power produced by wind turbines is sent into the electrolyzer to be converted into hydrogen for storage.
When the gas turbine is started to compensate the power output, the hydrogen stored in the tank is fed to the gas turbine. If the hydrogen storage cannot meet the requirements anymore, the gas will be taken from a gas network. When the excess wind power is converted into hydrogen for storage, the quantity of the hydrogen in the tank is measured. Once the hydrogen quantity is greater than the chosen limit the excess hydrogen will be sent to the gas network. It is also possible for the whole system to respond to the requirements of the gas network. In this case, the wind power will be converted into hydrogen to respond to the gas network demands as the first priority. It should be noticed here that the power production from the wind farm should be sent to the grid after the mitigation process as the first priority due to the concerns about efficiency. If the switch between the whole system and the grid is disconnected due to a fault, to prevent the acceleration of the turbines, the gas turbine will be stopped and all the wind power produced by wind turbines is sent into the electrolyzer to be converted into hydrogen for storage.
Filter Design
When the gas turbine is started to compensate the power output, the hydrogen stored in the tank is fed to the gas turbine. If the hydrogen storage cannot meet the requirements anymore, the gas will be taken from a gas network. When the excess wind power is converted into hydrogen for storage, the quantity of the hydrogen in the tank is measured. Once the hydrogen quantity is greater than the chosen limit the excess hydrogen will be sent to the gas network. It is also possible for the whole system to respond to the requirements of the gas network. In this case, the wind power will be converted into hydrogen to respond to the gas network demands as the first priority. It should be noticed here that the power production from the wind farm should be sent to the grid after the mitigation process as the first priority due to the concerns about efficiency.
A filter is applied in this paper to pick out the fluctuating component of the power signal and then send the signal to the rectifier connected to the electrolyzer as a reference, so that according to the law of energy conservation, the fluctuating power in the Bus 1 could be extracted. A DC component is also added to the signal that is picked out by the filter. This is because the electrolyzer can only consume the power, thus, the negative signal cannot be processed by the electrolyzer. The bandpass (BP) filter for the 3p frequency proposed in [12] is applied in this paper. The BP filter is designed to bypass the 3p frequency while blocking all the other frequencies. The transfer function of the BP filter could be described using Equation (23):
in which ω c is the center frequency, K is the gain and Q is the quality factor.
For the wind turbine model used in this paper, the rotational speed is between 7.5 rpm and 15.5 rpm corresponding to a wind speed of 4 m/s to 25 m/s. For the wind turbines that are working in this speed range, the center rotation speed is 3.64 rad/s, this means, ω c " 3.64 rad{s for the case in this paper. The gain is designed as F pjωq "
" 1 to pass all the 3p frequency [12] . The parameters are designed as Q = 80, K = 0.0455. The Bode diagram of this filter is shown in Figure 5 . 
Case Study
Operation Mode With Constant Energy Requirement
The whole wind farm is made up by six wind turbines. The capacity of the each wind turbine is 1.5 MW. The average wind speed for all the wind turbines is set at 8 m/s. The wind speed curve is shown in Figure 6 . The wind speed-output power curve of the wind turbine model applied in this paper is shown in Figure 7 . The wind turbine cannot be started when the wind speed is below 4 m/s. When the wind speed is greater than 15 m/s, the wind turbine is shut down for protection. 
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The wind speed-output power curve of the wind turbine model applied in this paper is shown in Figure 7 . The wind turbine cannot be started when the wind speed is below 4 m/s. When the wind speed is greater than 15 m/s, the wind turbine is shut down for protection. The output power of the wind farm is shown in Figure 8 . The output power is measured at the output port of the wind turbines. It can be seen that the output power is unstable due to the fluctuation of the wind. Wind shear and tower shadow effect also contribute to this output power, so that the output power has 3p oscillation component based The output power of the wind turbines is very unstable due to the reason above. This output power is first mitigated by sending the fluctuating active power to the PEM electrolyzer. This output power is measured, and the signal is sent into the BP filter designed previously. The fluctuation signal is picked out and then sent into the converter that is connected with the PEM electrolyzer. A DC component is also added into this signal so that the entire signal is shifted above zero. The fluctuation component which is picked out and sent to PEM electrolyzer together with a DC component is shown in Figure 9 . The output power of the wind turbines is very unstable due to the reason above. This output power is first mitigated by sending the fluctuating active power to the PEM electrolyzer. This output power is measured, and the signal is sent into the BP filter designed previously. The fluctuation signal is picked out and then sent into the converter that is connected with the PEM electrolyzer. A DC component is also added into this signal so that the entire signal is shifted above zero. The fluctuation component which is picked out and sent to PEM electrolyzer together with a DC component is shown in Figure 9 .
According to the law of conservation of energy, once the power with fluctuation is extracted, the power remaining is smoothed. The power after the mitigation is shown in Figure 10 by the black curve. It can be seen that the output power is significantly smoothed, and the influence caused by the 3p oscillation component is removed, but the output power is still unstable due to the fluctuation of the wind. The order from the TSO is shown in Figure 10 by the red curve. It can be seen that the power production sometimes is greater than the TSO order and sometimes less than the TSO order.
The Figure 9 . According to the law of conservation of energy, once the power with fluctuation is extracted, the power remaining is smoothed. The power after the mitigation is shown in Figure 10 by the black curve. It can be seen that the output power is significantly smoothed, and the influence caused by the 3p oscillation component is removed, but the output power is still unstable due to the fluctuation of the wind. The order from the TSO is shown in Figure 10 by the red curve. It can be seen that the power production sometimes is greater than the TSO order and sometimes less than the TSO order. The excess power which is sent to the PEM electrolyzer is shown in Figure 11 . It can be seen that the reference power only exists when the wind power is greater than 5 MW which is the requirement from the TSO. This part of the power is sent to the PEM electrolyzer together with the fluctuation mentioned previously. The PEM electrolyzer consumes these two parts of the energy and produces hydrogen and oxygen. The reaction of the PEM electrolyzer, which is the corresponding hydrogen production rate, is shown in Figure 12 . The power shortage which needs to be compensated by the gas turbine is shown in Figure 13 . It can be seen from Figure 13 this part of the reference power only exists when the power production is less than the TSO requirement. The required power is converted into the hydrogen requirement and then sent to gas turbine as a quantity of fuel signal. The power generated by the gas turbine is shown in Figure 14 . It can be seen that the power generated by the gas turbine follows the given power reference. The excess power which is sent to the PEM electrolyzer is shown in Figure 11 . It can be seen that the reference power only exists when the wind power is greater than 5 MW which is the requirement from the TSO. This part of the power is sent to the PEM electrolyzer together with the fluctuation mentioned previously. The PEM electrolyzer consumes these two parts of the energy and produces hydrogen and oxygen. The reaction of the PEM electrolyzer, which is the corresponding hydrogen production rate, is shown in Figure 12 . The excess power which is sent to the PEM electrolyzer is shown in Figure 11 . It can be seen that the reference power only exists when the wind power is greater than 5 MW which is the requirement from the TSO. This part of the power is sent to the PEM electrolyzer together with the fluctuation mentioned previously. The PEM electrolyzer consumes these two parts of the energy and produces hydrogen and oxygen. The reaction of the PEM electrolyzer, which is the corresponding hydrogen production rate, is shown in Figure 12 . The power shortage which needs to be compensated by the gas turbine is shown in Figure 13 . It can be seen from Figure 13 this part of the reference power only exists when the power production is less than the TSO requirement. The required power is converted into the hydrogen requirement and then sent to gas turbine as a quantity of fuel signal. The power generated by the gas turbine is shown in Figure 14 . It can be seen that the power generated by the gas turbine follows the given power The excess power which is sent to the PEM electrolyzer is shown in Figure 11 . It can be seen that the reference power only exists when the wind power is greater than 5 MW which is the requirement from the TSO. This part of the power is sent to the PEM electrolyzer together with the fluctuation mentioned previously. The PEM electrolyzer consumes these two parts of the energy and produces hydrogen and oxygen. The reaction of the PEM electrolyzer, which is the corresponding hydrogen production rate, is shown in Figure 12 . The power shortage which needs to be compensated by the gas turbine is shown in Figure 13 . It can be seen from Figure 13 this part of the reference power only exists when the power production is less than the TSO requirement. The required power is converted into the hydrogen requirement and then sent to gas turbine as a quantity of fuel signal. The power generated by the gas turbine is shown in Figure 14 . It can be seen that the power generated by the gas turbine follows the given power reference. The power shortage which needs to be compensated by the gas turbine is shown in Figure 13 . It can be seen from Figure 13 this part of the reference power only exists when the power production is less than the TSO requirement. The required power is converted into the hydrogen requirement and then sent to gas turbine as a quantity of fuel signal. The power generated by the gas turbine is shown in Figure 14 . It can be seen that the power generated by the gas turbine follows the given power reference. The power generated by the gas turbine.
After the power compensation, the final output power of the whole system is shown in Figure  15 . It can be seen that the final output power is constant and follows the TSO order as 5 MW. It can be seen that with the proposed configuration using the proposed control strategy, all the equipment in the whole system can cooperate to make the whole system respond like a conventional power plant. 
Operation Mode With Changing Energy Requirement
This case is simulated with a changing TSO energy requirement. The requirement of TSO is shown in Figure 16 . The initial requirement of the TSO is 4 MW, then this requirement changes to 6 MW after 150 s, and changes again to 5 MW at the 400th s. The response of the whole system is shown in Figure 17 . It can be seen that the system response is meeting the requirement. The detailed system response as far as the change of the power is concerned is very similar to the case when the TSO order is constant, thus, a detailed response is not presented in this case. The power generated by the gas turbine.
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This case is simulated with a changing TSO energy requirement. The requirement of TSO is shown in Figure 16 . The initial requirement of the TSO is 4 MW, then this requirement changes to 6 MW after 150 s, and changes again to 5 MW at the 400th s. The response of the whole system is shown in Figure 17 . It can be seen that the system response is meeting the requirement. The detailed system 
This case is simulated with a changing TSO energy requirement. The requirement of TSO is shown in Figure 16 . The initial requirement of the TSO is 4 MW, then this requirement changes to 6 MW after 150 s, and changes again to 5 MW at the 400th s. The response of the whole system is shown in Figure 17 . It can be seen that the system response is meeting the requirement. The detailed system response as far as the change of the power is concerned is very similar to the case when the TSO order is constant, thus, a detailed response is not presented in this case. It should be mentioned here that the order from the TSO is transformed into a gas quantity to supply the gas turbine, thus, when the generation of the gas turbine should be increased, the quantity of hydrogen supplied should be increased. The quantity of hydrogen is an integration of the hydrogen flow, which cannot be changed suddenly, so the gas supply cannot be increased immediately, so the step up order of the TSO is sent to the gas supply calculation, and the gas supply response to this TSO order has a TSO order changing rate limitation function.
Conclusions and Future Work
This paper proposes a wind farm and support equipment configuration and its corresponding control strategy. The proposed configuration combines together wind turbines, a PEM electrolyzer, a gas turbine and its corresponding generator; with the proposed control strategy, the whole system can make the wind farm work like a conventional power plant. The power output characteristics of the proposed configuration are the same as those of a conventional power plant, which is constant, in steady state condition, and can follow the TSO order. The common problems of wind farms, like output power fluctuation due to the instability of the wind, the influence caused by wind shear effect and tower shadow effect can be solved by this configuration.
As future work, the sizes of the wind farm, the PEM electrolyzer and the capacity of the gas turbine should be optimized. The possibility to collect the waste heat and carry it to a heating network together with a heat pump (to feed a district heating and cooling system) could be developed. What is more, a sensitivity analysis should be conducted in the future work. It should be mentioned here that the order from the TSO is transformed into a gas quantity to supply the gas turbine, thus, when the generation of the gas turbine should be increased, the quantity of hydrogen supplied should be increased. The quantity of hydrogen is an integration of the hydrogen flow, which cannot be changed suddenly, so the gas supply cannot be increased immediately, so the step up order of the TSO is sent to the gas supply calculation, and the gas supply response to this TSO order has a TSO order changing rate limitation function.
As future work, the sizes of the wind farm, the PEM electrolyzer and the capacity of the gas turbine should be optimized. The possibility to collect the waste heat and carry it to a heating network together with a heat pump (to feed a district heating and cooling system) could be developed. What is more, a sensitivity analysis should be conducted in the future work.
